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Particle-in-Cell simulations of magnetic reconnection with an 
Introduction
The presence of heavy O + ions with ionospheric origin has long been observed in Earth's magnetotail [Frank et al., 1977; Wilken et al., 1995; Zong et al., 1998; Mouikis et al., 2010] .
O + population increases during storm times when O + can even dominate H + in number density and pressure [Kistler et al., 2005] and there is evidence that O + species is involved in magnetic reconnection events [Kistler et al., 2005; Wygant et al., 2005] . [Fujimoto and Nakamura, 1994] . Finally, a fully kinetic approach, such as the Particle-in-Cell method, where electrons are represented by particles also, has been followed by Hesse and Birn [2004] ; Karimabadi et al. [2010] .
The present paper reports the first full kinetic simulations with the physical mass ratios 
Simulation approach and physical system
Two and half dimensional (two spatial components and three components for the electromagnetic fields and particles velocities) Particle-in-Cell simulations have been completed on the X-Y plane with X along Earth-Sun direction in the Earth's magnetosphere, and with Y pointing to the north-south direction. The X and Y coordinates correspond to the -X and Z coordinates respectively in the GSM system, while in our coordinate system Z is out-of-plane ignorable coordinate. An antiparallel magnetic field, vanishing in the mid-line of the simulation domain (y = L y /2), is initialized in the X direction as:
where λ is the current sheet thickness, and B 0 is the lobe magnetic field. The number density has the following profile:
where n 0 is the peak particle density at the center of the system. The simulation box is A localized perturbation around the X point is applied to initiate magnetic reconnection without a boundary driving avoiding the creation of spurious compressive waves in the simulation domain : Figure 8 shows a pseudocolor plot of the density, normalized to n 0 , at time Ω cH t = 18.5 for the O + and H + background populations. The initial value density for both species is n bH = n bO = 0.05n 0 . A comparison between the two panels of Figure 8 reveals that peak density is higher in the case of H + , that reaches a value of approximately 0.2n 0 , while the peak density for O + population is 0.15n 0 . Moreover, the two background species concentrate in different parts of the system. This is clear from panel a) of Figure 9 , a pseudocolor plot of the peak densities at Ω cH t = 18.5. The peak density plots show the regions with density values between the maximum and 70% of the maximum. The background H + , O + ions and electrons appear respectively as black, red and green areas. In particular, the H + and electron peak density is localized on the dipolarization fronts. Instead, the O + population is slower and follows the H + species in a more extended region from the tail of the H + peak density to the X point. Panel b) of Figure 9 shows the line profile of the three species densities along the y = L y /2 line using the same color scheme of panel a). Figure 10 proximity of the separatrices. These enhanced density regions are represented in red in Figure 13 ; the depleted density regions are called cavities in the literature [Kleva et al., 1995; Lapenta et al., 2010] and are visible in blue in the same plots. The formation of depleted and enhanced density areas along the separatrices is one of the signature of the guide field magnetic reconnection . The maximum densities are almost identical for O + and H + , while the minimum density for O + is 3.6 times less than the one for H + . Figure 14 shows the peak densities at time Ω cH t = 18.5: high density areas are not symmetric with respect to the X point, and are elongated thin structures in the case of H + , and are thick and shorter in the case of O + . It has been shown that magnetic reconnection with a H + current sheet occurs on the time scale of tens Ω Two issues regarding to the validity of presented simulations should be finally addressed.
First, it should be discussed if the grid resolution is fine enough to capture the electron layer physics and resolve the electron scales. Figure 16 shows the local grid resolution measured in terms of electron skin depth d e = c/ω pe at time Ω cH t = 17.5. The electron dissipation region is properly resolved (∆x/d e ≈ 0.1). The local grid spacing ∆x/d e is between 0.6 and 0.7 in the outflow area, where the species separation takes place.
Thus, the electron scales are resolved by the grid in the regions of interest for this paper.
However, the grid does not resolve the electron scales in the areas covered by exhaust plasma, where ∆x/d e ≈ 2. Figure 4 , where the quadrupole Hall magnetic field B z extends to the edge of the simulation box and vanishes because of the imposed boundary conditions. To answer this question, a simulation, whose domain is four times larger in each dimension, has been completed: a 160d H × 80d H box is discretized in a 4096×2048 grid and 6.5 billion particles are used. All the other parameters, Moreover, the separation of species occurs in the larger box simulation also. The panel b) of Figure 18 shows the peak densities for O + and H + ions in the 160d H × 80d H simulation box, confirming that the O + and H + still separate in the outflow region, because of different acceleration mechanisms. In addition, the two-scale structure of the Hall magnetic field has been observed in the simulation with larger box also. Thus, after a comparison of the two simulations, it is clear that in the presented simulations there is no strong coupling of the O + dynamics with the larger scales and that simulations with smaller box reproduce realistically the O + behavior.
